Homeostatic eating cannot explain overconsumption of food and pathological weight gain. A more likely factor promoting excessive eating is food reward and its representation in the central nervous system (CNS). The anorectic hormones leptin and insulin reduce food reward and inhibit related CNS reward pathways. Conversely, the orexigenic gastrointestinal hormone ghrelin activates both homeostatic and rewardrelated neurocircuits. The current studies were conducted to identify in rats the effects of intracerebroventricular ghrelin infusions on two distinct aspects of food reward: hedonic valuation (i.e., "liking") and the motivation to self-administer (i.e., "wanting") food. To assess hedonic valuation of liquid food, lick motor patterns were recorded using lickometry. Although ghrelin administration increased energy intake, it did not alter the avidity of licking (initial lick rates or lick-cluster size). Several positive-control conditions ruled out lickrate ceiling effects. Similarly, when the liquid diet was hedonically devalued with quinine supplementation, ghrelin failed to reverse the quinine-associated reduction of energy intake and avidity of licking. The effects of ghrelin on rats' motivation to eat were assessed using lever pressing to self-administer food in a progressive-ratio paradigm. Ghrelin markedly increased motivation to eat, to levels comparable to or greater than those seen following 24 h of food deprivation. Pretreatment with the dopamine D1 receptor antagonist SCH-23390 eliminated ghrelin-induced increases in lever pressing, without compromising generalized licking motor control, indicating a role for D1 signaling in ghrelin's motivational feeding effects. These results indicate that ghrelin increases the motivation to eat via D1 receptordependent mechanisms, without affecting perceived food palatability. reward; taste; dopamine ALTHOUGH MAJOR RESEARCH EFFORTS prompted by the global rise in obesity have led to the identification of humoral and neural mechanisms mediating short-and long-term energy homeostasis (10, 15, 51), it is now evident that hedonically driven nonhomeostatic feeding behaviors, exacerbated in environments with easily accessible high-calorie foods, contribute significantly to the escalating obesity pandemic (5, 43, 54, 61) .
Thus, it is critical to understand the motivational and sensory determinants of food intake that promote eating beyond the amount needed to fulfill nutritional requirements. Consumption of highly palatable foods is thought to be influenced by central nervous system (CNS) reward circuits that control both the hedonic valuation (i.e., "liking") of food and the motivation (i.e., "wanting") to eat (4, 43) . In addition to this intrinsic circuitry, in which dopamine and opioids play important signaling roles (63) , hormones reflecting short-and long-term caloric deficit or abundance interact with CNS reward circuitry to modulate its function (5, 43, 55) . For example, receptors for leptin and insulin-metabolic hormones traditionally regarded primarily as regulators of homeostatic feeding-have been identified in key brain sites that mediate motivation, such as the ventral tegmental area (VTA) and lateral hypothalamus (28, 29, 45) . Furthermore, we have demonstrated that CNS administration of leptin or insulin decreases performance in behavioral tasks that assess different aspects of reward, such as food-conditioned place preference for a high-fat treat (26) , opioid-stimulated sucrose intake (30) , and sucrose self-administration in fed rats (27) .
The orexigenic gastrointestinal peptide ghrelin also appears to influence feeding behavior related to both energy homeostasis and reward, and it is a candidate contributor to rewardrelated overconsumption. Elucidation of the behavioral mechanisms that mediate the acute orexigenic effects of ghrelin is currently incomplete, in part, because there are numerous areas in the brain and periphery that express ghrelin receptors and/or are neurally activated following ghrelin administration. Within the CNS, ghrelin-responsive areas overlap with circuits involved in both energy homeostasis and food reward (44, 78) . We and our colleagues have shown that ghrelin powerfully stimulates food intake when microinjected into brain areas involved in reward-related feeding (such as the VTA or nucleus accumbens) (53) , with comparable efficacy as when it is delivered to areas primarily controlling homeostatic feeding (such as the hypothalamus or hindbrain) (25, 77) .
In the present study, we hypothesized that an orexigenic, 3rd intracerebroventricular dose of ghrelin would increase rewardrelated feeding behaviors in non-food-deprived rats. Two aspects of ghrelin-induced food reward-hedonic valuation (i.e., palatability) and the motivation to eat (i.e., willingness to work for food)-were examined in separate sets of studies. In the first, we used lickometers to measure the avidity of ingestive motor patterns, as quantified by the initial licking rate and average size of licking bouts. On the basis of previously observed correlations of these lick parameters with positive orosensory stimulation by a range of foods (16, 34, 36, 60) , we reasoned that their magnitude should increase if ghrelin administration increased rodents' hedonic valuation of a test food (17, 35, 37, 64) . In the second set of studies, the effect of ghrelin on rats' motivation to eat was assessed by the number of lever presses animals were willing to execute to obtain food in a progressive-ratios, sucrose self-administration protocol. In this paradigm, rats self-administer small quantities of food by lever pressing, and a steadily increasing number of lever presses is required to continue to obtain food. The maximal number of lever presses a rat makes to acquire food reflects its motivation to eat (27) . We focused on the acute behavioral effects of ghrelin because although the peptide can increase body weight when injected chronically (71, 77) , the orexigenic effects of single central ghrelin injections similar to those used herein are primarily observed within the first 1-2 h (44) .
The principal neurotransmitters that mediate food reward are opioids, which are primarily involved in hedonic valuation, and dopamine, which is implicated in both hedonic and motivational aspects of food ingestion (4, 43, 46, 62, 63) . It seems plausible that these signals might be involved in ghrelininduced feeding behaviors. However, central opioid blockade does not influence the orexigenic effects of ghrelin injected into the VTA (53) . This observation suggests that VTAghrelin-induced feeding may not involve an enhanced perception of food palatability (31) . Zigman and colleagues have demonstrated effects of ghrelin on food reward tasks in the mouse, using a high-fat diet reward (56) , although palatability of the food reward per se was not evaluated. To this date, the dopamine dependence of ghrelin's orexigenic effects has not been explored systematically. Exposure to highly palatable foods triggers dopamine release in the mesolimbic reward system, including the nucleus accumbens (36, 48, 62) . In these brain areas, dopamine acts primarily on dopamine receptors D1 and D2, which are present in several nodes of the reward network. Importantly, anatomical and functional data show that circulating endocrine factors, such as leptin, insulin, and ghrelin, can modulate mesolimbic function and aspects of food reward (2, 43) . Therefore, we also examined the impact of dopaminergic blockade on food intake and the motivation to obtain food following central ghrelin administration.
MATERIALS AND METHODS

Experimental Animals and Cannula Placement
Male Sprague-Dawley rats (350 -450 g; Harlan, San Diego, CA) were subjects in all experiments. They were housed individually, had ad libitum excess to regular Purina rat chow, and were exposed to a 12:12-h light-dark cycle, with lights on at 0600. All animal procedures followed National Institutes of Health guidelines for animal care and were approved by the Animal Care and Use Subcommittee of the Research and Development Committee at the VA Puget Sound Health Care System. Chronic indwelling cannulas were surgically implanted into the 3rd cerebral ventricle, as previously described (27) . Generally, intracerebroventricular administration of appetite-regulating hormones reliably alters activity in CNS areas involved in homeostatic and reward feeding, consistent with their anorexigenic or orexigenic actions (27, 77) . This route of administration was, therefore, adopted to test the rewarding effects of ghrelin. Cannula placement was functionally verified by monitoring the drinking response to an intracerebroventricular injection of ANG II (10 ng/l, 2 l per injection). Water intake of Ն5 ml within 30 min after injection was considered indicative of a functional cannula. Following surgery, experimental procedures were conducted after animals had returned to their preoperative body weight. Each cannulated rat participated in all conditions. Successful infusion was verified by examining displacement of an air bubble that was purposely positioned between the infusate and propelling fluid (saline) during loading. Unsuccessful infusions were reattempted at later sessions.
Effects of Ghrelin Administration on the Hedonic Valuation of Liquid Food
Lickometry apparatus and measured lick parameters. Eight-channel lickometers (Dilog, Tallahassee, FL) were used to record the number and timing of individual licks with millisecond resolution.
[For technical details, see Ref. (32) ]. While ingesting a meal, rats lick in bouts, during which lick rates average 6 -8 licks/s. These lick bouts (clusters) are separated by pauses (interlick intervals) larger than 500 ms and smaller than the threshold period set to define meal termination (commonly 5 or 10 min). Physiological state, as well as foodrelated and other factors influence lick rates in rodents, changing cluster size (i.e., the number of licks per cluster), and/or the duration of breaks between clusters (17, 64) .
In the current study, durably higher lick rates were interpreted to indicate heightened avidity of ingestion associated with increased hedonic valuation of the ingested food (17, 37) . In other words, lick rates reflected the animals' perception of food palatability (i.e., their "liking" of it). Four lick parameters served as output data. First, total number of licks reflected the amount ingested. Secondly, initial lick rate was calculated as the number of licks/min during the first 2 min after meal initiation. Shifts in this parameter occur largely before nutrients are absorbed from the gastrointestinal tract; they are controlled by sensory feedback and hedonic valuation (17, 35) . Correlations of initial lick rate have been found with sweetness and the attractiveness of food (7, 18, 19) . Thus, the initial lick rate was used in the present study as an index of rats' hedonic valuation of food, and hence, its perceived palatability. The third parameter, average lickcluster size, was calculated as the average size of lick trains (in number of licks) with interlick intervals of Ͻ500 ms, measured during a 30-min food presentation, i.e., the period in which central ghrelin administration maximally stimulates solid food intake (44) . Cluster size is a measure of the persistence of licking and, like initial lick rate, is considered an index of the ability of orosensory properties of food to stimulate or maintain intake (37, 66) . Cluster size increases with concentration of substances that are readily ingested by rats, such as glucose, Polycose solutions, and Intralipid (17, 37) . These associations may occur independently of metabolic effects of foods, as demonstrated by positive correlations between cluster size and both the concentration of the noncaloric sweetener saccharin and the ingested volume during sham feeding of a liquid diet in rats with open gastric fistulas (17) . Finally, where relevant, the number of lick clusters in the 30-min period was evaluated as another index of the orexigenic action of infusions.
Experimental Protocol
Verification of the orexigenic effect of ghrelin on solid food intake. Ten rats were implanted with 3rd ventricular cannulas. Two weeks after surgery, when animals had regained their preoperative body weight, the effects of two doses of ghrelin on solid chow intake were determined. During a 4-day habituation period, animals were deprived of food each day for 1 h during the mid-light period, then removed from their home cage, handled, administered 2 l of artificial cerebrospinal fluid (ACSF) intracerebroventricularly, and returned to their home cages, where food was again provided. In the week thereafter, this food deprivation/injection protocol was repeated during three sessions, each spaced 2 days apart. Artificial cerebrospinal fluid or ghrelin (0.1 or 1.0 nM) was administered in random order during these separate sessions. Thirty-minute chow intake was recorded using electronic scales with 0.1-g resolution to test the acute orexigenic effects of the ghrelin injections. This procedure was included to verify the orexigenic effects of previously aliquoted ghrelin in our current cohort of rats. We and others have observed acute, distinct, and replicable orexigenic effects of ghrelin administration in studies using chow diet (44, 74, 77) .
Habituation to experimental procedure and liquid food. For 1 wk, rats were habituated to the daily experimental procedure. Animals were removed from their home cages at 1100 (mid-light period) and placed individually in shoebox cages fitted with lickometers. Food and water were withheld for 50 min, after which rats were handled, received a bolus intracerebroventricular injection of 2 l ACSF, then returned to their experimental cages. Ten minutes later, they received 30-min ad libitum access to freshly prepared liquid food, with a caloric density of 1.1 kcal/g, and with an energy composition by kcal of 20% fats (Intralipid; Baxter Healthcare), 60% carbohydrates (maltodextrin and sucrose), and 20% protein (casein hydrolysate; Baxter Healthcare). We decided to use a mixed-macronutrient test food because ghrelin's orexigenic effects could be readily demonstrated with mixed-macronutrient foods such as chow, but not with simple sucrose solutions (6) . Lick patterns were monitored using lickometers, and 30-min liquid food intake was measured using electronic scales with 0.1-g resolution. Habituation training established a robust ingestive pattern in all rats, characterized by a prompt meal lasting 5-15 min, followed by relaxation and sleep, i.e., the expected postprandial satiety sequence (3) .
Rats' avid intake of hydrated foods has been previously observed (59) , and it was also evident in our subjects (15-30 ml of liquid food within 30 min). To ensure that high baseline liquid intakes during test sessions would not obscure ghrelin's orexigenic potency due to a ceiling effect, rats were made accustomed to the liquid diet by being given daily access to a larger quantity of it outside of the experimental sessions (60 ml liquid food per day, provided during the late light phase). For all rats, this daily exposure to the liquid food decreased 30-min liquid intakes during the experimental sessions.
Test sessions. The effect of exogenous ghrelin on lick microstructure was tested using the experimental procedure described above (main conditions). Using a within-subjects design, we also tested rats' responses in positive and negative control conditions, in which the palatability and/or intake of the liquid foods were raised or lowered by means other than ghrelin administration.
Main conditions. We compared the effects on lick patterns and calorie intake of two orexigenic doses of ghrelin (0.1 and 1.0 nM) or equivolemic vehicle (ACSF), all administered as 2-l bolus intracerebroventricular injections. Animals received injections 10 min before liquid food presentation, during separate sessions run in random order. Procedures were performed daily, and experimental sessions were alternated with sessions in which animals were handled and received liquid food but no actual injections.
Positive control conditions. The hedonic value and/or intake of food were increased by means other than ghrelin administration, using the following interventions: 1) Intracerebroventricular injection of 5 g of the orexigenic neuropeptide Y (NPY) was given 10 min before liquid presentation.
2) The rats were treated with 24-h food deprivation combined with sweetening of the liquid food using saccharin and vanilla flavor, to enhance palatability, as well as the motivation to eat (52) . Animals were handled but received no injections. 3) Elevation of 30-min intake of liquid food during test sessions by withholding of the usual 60 ml/day liquid food supplement during the previous day. Before food presentation, animals received an intracerebroventricular injection of 2 l ACSF.
Negative control condition. Palatability of the liquid food was decreased by adding a small dose (0.03% wt/vol) of the bitter compound quinine (38) , and intake of this bitter test liquid was assessed following intracerebroventricular injection of 2 l ACSF. Intake was also assessed following intracerebroventricular administration of 1 nM ghrelin, to test whether hedonic devaluation of the bitter food could be reversed by ghrelin. Before experimental measurements, rats had been presented with quinine-supplemented liquid food for two consecutive days.
Data analyses. Lick data were converted into structured lick parameters (total number of licks, initial 2-min lick rate, and average cluster size, and number of clusters) using software designed specifically for this purpose (written in Visual Basic, Microsoft, Redmond, WA). Statistical analyses were conducted using Microsoft Excel 2003 (Microsoft) and SYSTAT 11.0 statistical software (Systat, Richmond, CA). Repeated-measures ANOVAs were conducted to test for differences across conditions, followed, where appropriate, by pairwise, between-condition comparisons.
Effects of Ghrelin Administration on Progressive-Ratio Responding for Food
Test food and bar-pressing apparatus. A 5% (wt/vol) sucrose solution was used as the test food. In prior studies with rats, we found that this food elicits moderately intense bar-pressing rates, which were decreased after intracerebroventricular administration of the anorexigenic agents leptin and insulin (27) . We did not select a liquid mixed-macronutrient food (e.g., Ensure) because such foods may evoke high rates of lever pressing in control conditions (unpublished observations), thereby potentially obscuring detection of the hypothesized ghrelin-induced increases in motivation due to ceiling effects.
Operant boxes (Med Associates, Georgia, VT), in which animals were placed individually for the duration of experimental sessions, contained two levers hanging on opposite sides of the box. Pressing of the active, retractable lever delivered a small amount (0.4 ml) of the sucrose solution into a receptacle accessible to the rat. Presses on the inactive, stationary lever did not lead to food presentation but were recorded by a separate counter as an index of nonspecific motor activity. The number of presses on the inactive lever was low in all animals under all conditions (less than 10 lever presses/session). The timing and number of presses, as well as food delivery, were recorded and transmitted to a computer connected to the operant box for off-line analysis.
Experimental Protocol
There were four phases in this study, as previously described (27) : fixed-ratio (FR) training, surgery and recovery, progressive ratio (PR) training, and experimental sessions. During the FR training phase, rats learned to self-administer very small doses of sucrose (0.4 ml, 5% solution). Individual FR training sessions lasted 1 h, and daily sessions were conducted for 10 consecutive days, according to a FR-1 reinforcement schedule, in which every lever press produces a sucrose treat. Each reward delivery was accompanied by a discrete, compound (i.e., multicomponent) cue, consisting of a 5-s tone (2900 Hz, 20 dB above background) ϩ light (7.5 W white light above the active lever), which continued for 20 s. On day 11, animals were surgically implanted with 3rd-ventricular cannulas, followed by a 10-day recovery period, after which body weights and food intake had returned to preoperative levels. The procedure subsequently continued with 2 more days of FR recovery training, after which the PR training phase commenced. During PR training sessions, to obtain successive samples of sucrose solution, animals were required to press the active lever a progressively increasing number of times, as prescribed by Richardson and Roberts' algorithm, i.e., 1, 2, 4, 6, 9, 12, 16, 20, 28, 36, 48, 63, 83, 110, 145, 191, 251, 331, 437, 575, 759 , and 999 times in sequence (57) . PR training continued during daily 3-h sessions over a period of 14 days. These sessions started with the emergence of an active lever from the cage wall and illumination with a white house light that remained on for the entire session. Each reward delivery was accompanied by the same discrete, compound cue as that used during the FR phase, but with a 5-s timeout. The active lever was retracted during the timeouts in the PR sessions. PR sessions ended after either 3 total hours or after 30 min of no active lever-press responding, whichever came first. At termination, the house light was turned off and the active lever retracted.
During the experimental phase that followed completion of PR training, we assessed the effect on sucrose self-administration of 3rd intracerebroventricular injections of ghrelin (0.1 and 1.0 nM) or ACSF, all delivered in 2-l bolus injections. The two ghrelin doses were selected for their acute and graded orexigenic effects on chow intake, as observed previously (71, 77) . On experimental days, rats received these 3rd intracerebroventricular injections 10 min before being placed in the self-administration chamber. Each rat participated in all conditions. Successful infusion was verified by examining displacement of an air bubble that was purposely positioned between the infusate and propelling fluid (saline) during loading. Unsuccessful infusions were reattempted at later sessions. Rats were returned to 2 days of PR training between experimental sessions.
Effects of Dopamine Receptor Blockade on Ghrelin's Orexigenic and Motivational Effects
To assess dopamine-receptor involvement in ghrelin's behavioral effects, selective antagonists to either the D1 subtype (SCH-23390; 50 g/kg; Sigma-Aldrich, St. Louis, MO) or D2 subtype (raclopride, 100 g/kg; Sigma-Aldrich) or vehicle were injected intraperitoneally 10 min before intracerebroventricular ghrelin administration. The doses of SCH-23390 and raclopride were chosen to be moderately above the threshold levels to inhibit food intake in different rat feeding paradigms (60, 73) . Both antagonists were administered systemically (intraperitoneally) rather than locally (intracerebroventricularly) to attain uniform blockade of dopaminergic sites throughout the CNS, i.e., at sites affected both directly and indirectly by intracerebroventricular ghrelin.
Data Analysis
Active lever responses and sucrose rewards were analyzed as within-subjects' repeated-measures ANOVAs and paired Student's t-tests. Group data are presented as means Ϯ SE in the text and figures. Significance was defined as P Յ 0.05.
RESULTS
Effects of Ghrelin Administration on Solid Food Intake and the Hedonic Valuation of Liquid Food, as Measured by Lickometer
To confirm that the batch and doses of ghrelin peptide that were used in our studies of reward-related feeding behaviors were adequate to stimulate overall food intake as expected, we first examined their effects on intake of solid rat chow. Both of our doses of 3rd intracerebroventricularly injected ghrelin markedly stimulated 30-min chow intake, which increased from near 0 kcal following ASCF injection to 8.9 and 11.0 kcal following 0.1 and 1.0 nM of ghrelin, respectively [P Ͻ 0.001 for both ghrelin doses, Fig. 1 ]. Statistically, a main effect of ghrelin dose was found, reflecting the orexigenic potency of ghrelin relative to ACSF injections [F(2,19) ϭ 66.3, P Ͻ 0.001]. The effects on energy intake were similar for the two ghrelin doses administered [F(1,9) ϭ 3.96, not significant (NS)]. In addition to stimulating the overall amount of solid food consumed, ghrelin administration also greatly increased the speed with which rats initiated feeding. Rats initiated chow intake between 3 and 8 min after receiving ghrelin injections, whereas the latency to feed was 80 min after intracerebroventricular vehicle injections (ghrelin vs. vehicle effect P Ͻ 0.001 for both ghrelin doses, Fig. 2 ). Together, these results confirmed the acute orexigenic effects of our batch and doses of ghrelin on the intake of standard rat chow, in line with previous reports (44, 77) .
Having verified ghrelin-induced stimulation of chow intake, we next tested the effects of ghrelin administration on intake of the liquid food that was designed for this study of lick microstructure. As seen in Fig. 1 , relative to ACSF injections, 3rd intracerebroventricular injections of ghrelin approximately doubled 30-min intake of liquid food [F(2,18) ϭ 5.5; P ϭ 0.01]; no differences were found between the two ghrelin doses [F(1,9) ϭ 0.73, NS]. This pattern was reflected in the total Fig. 1 . Thirty-minute calorie intake of either solid food (standard rat chow) or liquid food after 3rd intracerebroventricular, 2-l bolus injections of ghrelin or ACSF vehicle in rats (n ϭ 10). Injections were scheduled during the mid-light cycle. Relative to vehicle, ghrelin administration at both doses increased intake of both solid and liquid food. Once animals were habituated to the injection procedure, liquid food presentation triggered acute meal intake in all conditions; with solid food, acute meals occurred only after ghrelin injection. *Compared with comparable vehicle injections, P Ͻ 0.001 for solid food at both ghrelin doses, P ϭ 0.01 for liquid food at both ghrelin doses. Fig. 2 . Latency to eat solid rat chow after third intracerebroventricular, 2-l bolus injections of ghrelin or ACSF vehicle in rats (n ϭ 10). The large latency to eat after vehicle injection reflects the low meal frequency at the time of injection (mid-light cycle) in these nocturnal rats. Ghrelin at both doses significantly decreased the latency to eat. *P Ͻ 0.001 for each dose of ghrelin compared with vehicle. number of licks [F(2,16) ϭ 3.6; P ϭ 0.05 and F(1,8) ϭ 0; NS, respectively]. In contrast to our results with solid food, significant intake of liquid food occurred in the ACSF injection control condition, presumably reflecting the known preference among rats for liquid over solid food (59) . Following ghrelin injections, 30-min energy intakes were comparable for solid and liquid foods. These results confirmed the stimulatory effect of ghrelin on liquid food intake and provided a starting point for measuring ghrelin's effects on hedonic valuation via lick microstructure.
We first tested the effects of CNS ghrelin injections on initial lick rates of liquid food, as an index of hedonic valuation (i.e., perceived palatability) of this food. Relative to vehicle administration, 3rd-intracerebroventricular ghrelin injections, at both doses tested above, exerted absolutely no effect on either 2-min initial lick rates [F(2,16) ϭ 0.90, NS; Fig. 3A ] or average lick cluster sizes [F(2,14) ϭ 1.9, NS; Fig. 3B] . Accordingly, the total number of lick clusters in the different conditions reflected the pattern of intake [F(2,14) ϭ 9.8; P ϭ 0.002]. Importantly, the considerable initial lick rates (Fig. 3A) and lick clusters size (Fig. 3B ) in the control (ACSF injection) condition could theoretically have constituted a "ceiling effect" underlying the observed absence of increases in these parameters after ghrelin administration.
To examine this possibility, we ran three positive-control conditions, all of which could be expected to increase the avidity of licking: intracerebroventricular injection of the orexigenic neuropeptide NPY; 24-h food deprivation combined with flavor enhancement of the liquid food (with the addition of vanilla plus saccharine); and prior removal of the daily 60-ml liquid food aliquot that was provided to the animals to acclimatize them to this treat. As intended, these conditions increased 30-min liquid food intake relative to control conditions [F(3,21) ϭ 24.9, P Ͻ 0.001 for intake by weight and F(3,21) ϭ 29.1; P Ͻ 0.001 for total number of licks], with highly significant increases noted for each of them individually [F(1,8) ϭ 169 for NPY; F(1,7) ϭ 31.2 for prior withholding of liquid food from daily diet; F(1,7) ϭ 54.5 for food deprivation plus vanilla flavoring; P Ͻ 0.001 for each condition]. In these three orexigenic conditions, the avidity of licking, as reflected in initial lick rate, was also increased relative to baseline [F(3,21) ϭ 3.49, P ϭ 0.034] (Fig. 3A) . Considered in isolation, each of the three positive-control interventions significantly increased initial lick rate [F(1,7) ϭ 71.7, P ϭ 0.014 for NPY; F(1,7) ϭ 5.5, P ϭ 0.05 for prior withholding of liquid food from daily diet; F(1,7)ϭ7.8, P ϭ 0.03 for food deprivation plus vanilla; Fig. 3A] . Similar to the effects on initial lick rates, lick cluster size was also increased in vehicle-injected animals by these orexigenic positive-control interventions [for all conditions, F(3,21) ϭ 5.16, P Ͻ 0.01; food deprivation plus vanilla F(1,7) ϭ 6.05, P ϭ 0.04; removal of prior liquid food exposure F(1,7) ϭ 4.7, P ϭ 0.07 trend; NPY F(1,8) ϭ 3.3 NS; Fig. 3B ]. Together, the lick patterns in these positive-control conditions demonstrate that the inability of ghrelin to increase the avidity of licking was not due to ceiling levels of lick rate or cluster size with our liquid food. Thus, despite the relatively high basal rates of these parameters in vehicle-injected rats, several nonghrelinergic orexigenic stimuli revealed rats' physical ability to elevate both measures of licking speed even further. Ghrelin administration, however, failed to elicit these effects.
Another potential explanation for the inability of ghrelin to affect our measures of hedonic valuation might be that the hedonic value of our liquid food in the control condition (ACSF injection) was already high enough to make further, ghrelin-induced augmentation of palatability difficult to attain. To examine this issue, we repeated our basic experiment with Fig. 3 . Lack of effect of 3rd intracerebroventricular injections of ghrelin on two lick parameters: initial 2-min lick rate and lick cluster size. Lick parameters were used as indicators of the avidity with which rats (n ϭ 10) consumed liquid test foods. A: initial lick rate of liquid food during the first 2 min of consumption. Intracerebroventricular ghrelin did not affect lick rate relative to vehicle injection (solid bars). In contrast, positive control procedures (5 g icv NPY, limited prior daily access to liquid food, and 24-h prior fasting plus attractively flavored liquid food; patterned bars) significantly increased lick rate, ruling out a ceiling effect on lick rates to explain ghrelin's lack of effect on this parameter. *P Յ 0.05 compared with vehicle control condition. B: lick cluster size. Ghrelin did not increase lick cluster size compared with vehicle (solid bars). In contrast, two out of three positive orexigenic control procedures (limited daily access to liquid food and 24-h fasting plus attractively flavored liquid food; patterned bars) significantly increased cluster size, as did the three positive-control conditions considered together, again ruling out a ceiling effect to explain ghrelin's lack of impact on this lick parameter. a low-palatability version of the liquid food created by supplementing it with a small dose of quinine, a noncaloric, bittertasting compound. As intended, quinine supplementation reduced 30-min intake relative to baseline [F(1,8) ϭ 8.7, P Ͻ 0.02, ACSF conditions, quinine vs. regular test diet; Fig. 4A ]. Importantly, ghrelin did not restore 30-min intake of quininesupplemented liquid food to baseline levels, suggesting that the hedonic devaluation by bitterness was not overcome [F(1,8) ϭ (Fig.  4A ). This pattern of results for food intake was confirmed by a similar lack of impact of ghrelin administration on lick-cluster size (Fig. 4B) Consistent with the data for energy intake and lick cluster size, intracerebroventricular ghrelin administration had no effect on this decrease [F(1,8) ϭ 0.4, NS, quinine conditions, ghrelin vs. ACSF-injected]. In summary, the addition of quinine to our liquid test food decreased energy intake, lick cluster size, and lick rate, indicating hedonic devaluation, which ghrelin administration failed to reverse, as reflected by its lack of impact on any of these three measurements.
0.2, NS, quinine conditions, ghrelin vs. ACSF injection]
Effects of Ghrelin on the Motivation to Eat, as Measured by Lever Pressing in a Progressive-Ratio Task
In contrast to our negative results regarding any effects of ghrelin on the hedonic valuation of food, as judged by lick microstructure, ghrelin administration markedly increased rats' motivation to obtain food, as judged by the number of lever presses they would execute to acquire it. Relative to ACSF, ghrelin administration markedly increased the number of lever presses in a PR reward schedule (Fig. 5) . This was reflected in a main effect of condition [F(2,18) ϭ 8.33, P ϭ 0.003]. Each of the ghrelin doses, 0.1 and 1.0 nM, induced substantially more lever presses than those observed after ACSF adminis- Fig. 4 . Effects of intracerebroventricular ghrelin on intake and avidity of licking of liquid test foods, hedonically devalued by the bitter tastant quinine (0.03% wt/vol) in 10 rats. A: 30-min energy intake. Prior intracerebroventricular administration of ghrelin did not reverse the quinine-induced reduction of food intake. *P Ͻ 0.02 for quinine vs. regular test diet, equivalent with or without ghrelin injection. B: lick cluster size. Quinine reduced the lick cluster size, indicating decreased hedonic value. Analogous to our observations of energy intake, prior intracerebroventricular administration of ghrelin did not restore cluster size, indicating that ghrelin did not affect hedonic value. *P ϭ 0.003 for quinine vs. regular test diet, equivalent with or without ghrelin injection. The low dose of quinine did not affect lick rate until after the initial 2 min (data not shown). The results indicate that ghrelin administration enhanced rats' motivation to eat. Depending on the dose administered, the behavioral effect of ghrelin was equal to or greater than that of 24 h of food deprivation immediately preceding the test. *P Ͻ 0.01 relative to the vehicle control condition. †P Ͻ 0.01 relative to prior 24-h fasting.
tration [F(1,9) ϭ 10.8, P ϭ 0.009, and F(1,9) ϭ 17.5, P ϭ 0.002, respectively].
To judge the relative magnitude of ghrelin's stimulatory effect on lever responding, we compared it to the effects of a known major stimulus of this response: a 24-h period of food deprivation imposed immediately before the lever bar-pressing test. After 24 h of fasting, rats pressed the lever to obtain food more than they did in the non-food-deprived condition [F(1,9) ϭ 11.4, P ϭ 0.008, with both groups receiving ACSF injections just before the test] (Fig. 5) . In comparison, the number of lever presses after intracerebroventricular ghrelin administration in non-food-deprived rats was even higher than that in rats subjected to 24 h of food deprivation followed by intracerebroventricular ACSF injection (although differences between these conditions were only statistically significant for the higher ghrelin dose, P Ͻ 0.01, Fig. 5) . Thus, the acute effects of ghrelin administration on animals' motivation to eat were at least as great, or greater, than those induced by 24 h of prior food deprivation.
Tests of Dopamine Receptor Involvement in the Effect of Ghrelin to Increase Feeding Motivation
Our observation that ghrelin administration stimulated a behavioral measure of motivation (i.e., bar-pressing for food) predicts that central dopamine receptor antagonism should attenuate this effect, as CNS dopamine is a mediator of motivated behaviors (43, 63) . To test this hypothesis, we assessed the effects of dopamine blockade on ghrelin-induced lever pressing for food. In a pilot study, we explored D1 and D2 involvement in the effect of ghrelin (1.0 nM icv) to stimulate chow feeding. We found in six rats that ghrelin-induced 30-min chow intake during the light phase (means Ϯ SE; 2.6 Ϯ 0.3 g) was significantly inhibited by prior intraperitoneal administration of 50 g/kg of the D1 receptor antagonist SCH-23390 (intake 1.03 Ϯ 0.7 g, P Ͻ 0.05). In contrast, D2 blockade by a 100 g/kg intraperitoneal raclopride pretreatment did not affect ghrelin-induced chow intake (mean intake 2.5 Ϯ 0.3 g, P ϭ NS). Because dopamine signaling is involved in motor function, we sought to verify that the antiorexigenic effect of SCH-23390 in these rats was not based on druginduced impairments of general ingestive motor behaviors. Toward that end, we examined the interlick-interval distribution during a liquid food intake test with Intralipid, and we found this to be unaltered by the drug (Fig. 6A) .
On the basis of these data, we examined the effects of D1 receptor antagonism on food self-administration in ghrelininjected animals. As predicted, prior administration of SCH-23390 (50 g/kg ip) attenuated the stimulatory impact of 3rd-intracerebroventricular injection of ghrelin (1.0 nM) on lever pressing for food, without exerting any effect on bar pressing in vehicle-injected controls (Fig. 6B) . The number of lever presses following SCH-23390 plus ghrelin administration was significantly smaller than that following ghrelin alone [F(1,8) ϭ 15.9, P ϭ 0.004], whereas no differences were found between the respective baseline conditions of SCH-23390 plus ACSF vs. ACSF alone [F(1,8) ϭ 0.24, NS]. Thus, although baseline lever pressing was not affected by this dose of SCH-23390, the drug did eliminate ghrelin-induced elevations in this measure of the motivation to obtain food.
DISCUSSION
Because excessive eating in modern societies is typically driven more by hedonic and behavioral factors than by homeostatic mechanisms, a full characterization of reward-related food intake is critical to understanding the determinants of the current obesity pandemic. Food reward and its representation in the CNS are thought to be tuned by extrinsic neural and hormonal signals that reflect nutritional state. For example, the anorexigenic hormones leptin and insulin, which circulate in proportion to body fat, have each been shown to attenuate food reward (28, 43) . The current studies were performed to determine in vivo whether, in contrast, the orexigenic hormone ghrelin enhances the various discrete aspects of food reward. A Fig. 6 . Effects of intraperitoneal administration of the D1 dopamine receptor antagonist SCH-23390 (50 g/kg ip) on fine motor behavior in the tongue (interlick interval distribution) and progressive-ratios self-administration of food. A: interlick interval distribution during consumption of a liquid meal (Intralipid, Baxter Healthcare) was comparable after administration of vehicle or SCH-23390. Thus, this dose of D1-antagonist did not cause any gross motor impairment in licking that could confound the assessment of the compound's impact on progressive ratios responding shown in B. B: effects of SCH-23390 on progressive-ratios responding. Prior administration of SCH-23390 eliminated ghrelin-induced increases in progressive-ratio bar-press responding. The same intervention had no effect on baseline bar pressing (i.e., there was no difference between vehicle injections with vs. without SCH-23390). These results indicate an involvement of dopamine D1 receptor signaling in the food-related motivational effects of ghrelin. stimulatory effect of ghrelin on food reward has previously been suggested by in vitro neuroanatomical findings and in vivo studies in mice (2, 21, 22, 39, 40, 53, 56) . Because food reward is not a unitary concept (4, 43, 46) , however, we sought to determine specifically whether ghrelin can influence the perceived palatability of food (i.e., liking), the motivation to obtain food (i.e., wanting), or both.
The impact of ghrelin on hedonic valuation (palatability) was evaluated by monitoring the avidity of ingestion of liquid test food via lickometry, while its effects on the motivation to acquire food were assessed via self-feeding tests that require rats to press a lever a successively increasing number of times to obtain small samples of food. The general outcome of these experiments was that ghrelin administration increased rats' motivation to work for food, without affecting their hedonic valuation of that food. In other words, ghrelin made rats more motivated to eat, but it did not affect their perception of food palatability. The primary neurochemical mediators of food motivation and palatability are thought to be dopamine and endogenous opioids, respectively (43, 63) . Consistent with this model, our work also revealed a role of dopaminergic (D1-mediated) signaling in the motivational and feeding effects of ghrelin, whereas we and our colleagues have previously shown no role for opioid signaling in the orexigenic effects of ghrelin administered to nodes of the CNS food-reward circuitry (53) .
The effect of ghrelin on hedonic valuation was assessed via lickometer measurements of rats consuming a liquid test diet. The microstructure of licking is primarily thought to reflect hedonic valuation, especially during preabsorptive phases of a meal when food-related orosensory stimuli dominate over gastrointestinal feedback (17, 64) . Earlier studies have shown that palatable (i.e., sweet, fatty, energy-dense) foods evoke an avid ingestive pattern in rodents, characterized by high initial lick rates, few pauses, and long trains (clusters) of licks (17, 37, 64) . In the present study, intracerebroventricular administration of ghrelin increased 30-min food intake relative to vehicle injection. However, neither lick rate nor lick-cluster size was elevated during ingestion, indicating that ghrelin did not enhance rats' hedonic valuation of the food.
Several tests were conducted to validate this conclusion. To rule out a ceiling effect, i.e., the occurrence of maximal lick rates in vehicle-injected controls, three positive control conditions were added to heighten lick rates by alternative interventions: 1) intracerebroventricular NPY administration; 2) 24-h food deprivation plus test-food palatability enhancement with vanilla and saccharin; 3) restriction of daily access to the liquid test-diet treat (with permanent access to regular solid chow). These interventions increased rats' initial lick rates and lick cluster sizes, showing that our key observation that ghrelin failed to do so did not result from a ceiling effect on lick rates with our liquid test food. We further tested ghrelin's ability to increase hedonic valuation under negative control conditions. To lower palatability of the test food, we supplemented it with a small dose of the bitter tastant, quinine. The quinine reduced 30-min food intake, lick cluster size, and 5-min lick rate, as intended and in line with earlier reports (66, 68) . Prior ghrelin administration at our maximum dose failed to reverse quinine's effects on intake and lick parameters, again confirming ghrelin's inability to heighten hedonic valuation of the test food (37) . Our findings related to taste perception complement a recent publication pertaining to the sense of smell. In that study, although ghrelin administration lowered olfactory detection thresholds in rodents and humans, it did not affect the perceived pleasantness of odors (69) .
In separate experiments, we used a food self-administration paradigm to test the ability of intracerebroventricular ghrelin to enhance the motivation to eat. Compared with vehicle administration, ghrelin doubled the number of lever presses, reflecting rats' increased motivation to eat. Ghrelin-induced lever pressing exceeded that induced by 24 h of prior food deprivation. Participation of dopaminergic signaling in the motivational actions of ghrelin was demonstrated by the effect of pretreatment with the D1-receptor antagonist SCH-23390, which abolished ghrelin-induced lever pressing and attenuated overall ghrelin-induced feeding.
Collectively, our current data and our previous work (53) support the view that ghrelin primarily exerts motivational and dopamine-related effects on feeding, rather than hedonic or opioid-related effects. These findings extend and complement prior investigations. For example, recent studies reported a ghrelin-induced increase in operant responding to high-fat food pellets (energy density 5.6 kcal/g) and peanut butter (energy density 5.9 kcal/g) in mice (23, 56) . Apart from differences in test animal species and sites of ghrelin administration, a major difference between these studies and ours is that we demonstrated the motivational effects of ghrelin with a calorie-dilute food (5% sucrose solution; energy density 0.2 kcal/g, which is 15 times less energy-dense than our regular rat chow). In rats, intra-VTA ghrelin administration increased dopamine turnover in the nucleus accumbens (2) , and in mice, ghrelin injections in the 3rd cerebral ventricle exerted comparable effects (39) . These and other studies (1) show that ghrelin can increase mesolimbic dopamine release; our work implicates this action in the food-motivating effects of ghrelin, and it further reveals the D1 receptor as the relevant subtype mediating that action. We found that the D1-receptor antagonist SCH-23390 blocked ghrelin-induced stimulation of lever pressing for food and attenuated ghrelin-induced overall food intake, at a dose that affected neither basal food intake nor licking motor movements per se. Dopamine D1 receptor mediation of ghrelin effects might provide an explanation for the earlier finding that short-term fasting (a condition that stimulates ghrelin secretion) increases D1 agonist-induced c-fos expression, motor activity, and operant behavior (9) . It is possible that one neural substrate in this case might be the hybridization of ghrelin receptors and D1 receptors, which amplifies D1 signaling (40) . We observed no impact of the D2-receptor antagonist raclopride on ghrelininduced food intake. For raclopride (as well as SCH-23390), we selected a dose that by itself was modestly above the threshold level for food-intake suppression in several studies, but our experiments did not involve a full dose-response range of dopaminergic antagonists. Therefore, we cannot entirely disregard the possibility that higher doses of raclopride might have attenuated ghrelin-induced increases in lever pressing. It does seem evident, however, that the origin of the observed dopaminergic involvement in ghrelin-induced motivation to feed did not lie in an inadvertent, experimentally induced flavor-nutrient conditioning (49) . For this, the glycemic and caloric stimuli that we delivered during bar-pressing sessions (i.e., a small number of droplets containing 0.02 g of sucrose and 0.08 kcal each) were too insignificant, both calorically and glycemically.
Some caveats are warranted regarding the strictly dichotomous distinction of reward-relating feeding into behaviors based on liking (mediated by endogenous opioids) vs. wanting (mediated by dopamine), as well as the assertion that lickometry patterns solely reflect the former. Although these distinctions and mediators are supported by large bodies of data, overlap elements likely exist. For example, while it is generally agreed that lickometer patterns reflect hedonic liking, those patterns may also involve an incentive motivation component to ingestion. For example, classic studies of G. P. Smith (62) and J. D. Davis and colleagues (7, 17, 70) concluded that dopamine mediated a component of hedonic palatability, because dopamine antagonists suppressed terminal licks in clusters in a manner similar to sucrose dilution. Because subsequent studies largely implicated dopamine in motivational aspects of eating, rather than palatability, the implication is that lickometry can sometimes give false-positive results regarding palatability changes. Fortunately, false positives are not a concern for the current work because all of our lickometry data pertaining to ghrelin were negative. An alternate explanation is that although lickometry patterns primarily track hedonic palatability properties of food, there may also be some motivational aspects reflected in lick patterns. Conversely, although lever bar pressing in the PR paradigm that we used generally reflects the motivation to eat, hedonic palatability might play a role in such self-administration of food. Acknowledging these complexities, however, our data as a whole support the conclusion that ghrelin primarily affects the motivation to eat, more than food palatability.
Ghrelin has traditionally been viewed as a meal-initiation signal (16) , as reaffirmed in the current study by the very rapid induction of a chow meal after ghrelin injection. However, we found that ghrelin also increased meal duration and size in the context of regularly scheduled meals, as has previously been shown in both free-feeding rats (34) and humans provided with a buffet test meal (76) . The increased number of lick clusters following ghrelin administration reflects a heightened chance that during meals, pauses in ingestion are followed by reinitiation of licking, and this could be interpreted as a nonhedonic appetitive response (70) . Thus, our studies suggest a role for ghrelin in both key determinants of meals-initiation and continuance-although the former role is probably dominant (see Perspectives and Significance). Given these findings, it is noteworthy that dopaminergic signaling, which is stimulated by ghrelin, has been shown to have an analogous dual role in both meal initiation and the maintenance of operant, goaldirected behavior (8, 58) and that during food intake, inhibitory effects of dopamine-receptor blockade become evident only after completion of the initial eating bouts (65) .
Perspectives and Significance
Together with prior work, our observation that ghrelin increases the amount of work that animals will perform to obtain food supports the notion that a prominent role for ghrelin is to enhance appetitive aspects of ingestive behavior, i.e., the drive to seek out and locate food, then initiate eating. Ghrelin has previously been shown to stimulate perceived hunger (76), foraging for, and hoarding food (41, 42), exploratory sniffing, and olfactory sensitivity (69) , meal initiation (24) , and overall food intake (71) . Consistent with a role in the anticipation of eating, circulating ghrelin levels surge prior to habitual meal times (13, 16) , and the magnitude of these surges correlates inversely with the number of regularly scheduled daily meals (12, 67) .
The observed impact of ghrelin on motivational rather than hedonic determinants of eating has significance beyond a strictly academic context. Instinctively, one might question whether our finding that ghrelin does not affect food palatability would lessen the likelihood that ghrelin antagonism could reduce food intake to promote weight loss. However, nonhedonic stimulation of energy consumption probably plays an extensive role in common eating. One example is so-called "mindless eating," an umbrella term describing various behaviors related to energy overconsumption, including urges to nibble snack foods, as well as excessive energy intake facilitated by subtle environmental cues (72) . Furthermore, metabolic properties of food can induce food preferences even in the absence of taste perception (20) . Similarly, some pathological states involve a pervasive motivation to seek and consume foods regardless of taste, such as in Prader-Willi syndrome and uncontrolled diabetes, both of which are characterized by extremely high ghrelin levels (11, 33) . Finally, as the food industry has increasingly noted, initial hedonic ratings of novel foods correlate notoriously poorly with customers' long-term appreciation and repeat purchase of those items (47, 50) .
Probably, the type of ghrelin manipulation most likely to prove clinically useful with regard to food intake will be stimulation of ghrelin signaling in cases in which increased eating would be beneficial, such as poor nutritional status in the elderly or pathological disease-related anorexia (14, 75) . Our data suggest that ghrelin agonists might increase the motivation to eat, which could be helpful in cases where this drive is insufficient. The conclusion that ghrelin signaling can bypass mechanisms underlying energy homeostasis via increased motivation to eat offers guidance for interventions in cases that may benefit from alterations in energy balance.
